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1.   Introduction 

Turbulence in the Upper Troposphere and Lower Stratosphere (UTLS) can adversely impact 

performance of a range of aerospace systems.  Optical Turbulence (OpT) from fluctuations in temperature 

and humidity can affect electromagnetic propagation, disrupting communications, radar, high energy laser 

systems, and space imaging.  Similarly, Clear Air Turbulence (CAT) can lead to aircraft upset, a problem 

particularly acute for stratospheric vehicles that often must fly within a narrow flight envelope.   Thus, 

reliable prediction is critical for turbulence avoidance and mitigation in these operational situations.  

Unfortunately, prediction is difficult due to the nature of UTLS turbulence, which is concentrated in very 

thin layers of hundreds of meters to a few kilometers, a scale smaller than the typical resolution of meso-

scale weather forecasting models.  As such, prediction and forecasting rely on parameterized models, 

based on statistical correlations and phenomenological relations between meso-scale parameters and 

turbulence quantities, to identify regions that have the potential for high levels of clear air or optical 

turbulence.   These approaches are only as good as the fundamental understanding of UTLS turbulence 

structure that forms the underlying foundation for the models; such insight must be gleaned from 

experimental data, detailed micro-scale simulations, highly-nested meso-scale model runs, or a 

combination of all three. 

The work presented in this final report addresses a gap in published experimental data for 

turbulence of scales in the range from approximately 1 meter to 1 kilometer in the upper troposphere and 

lower stratosphere (7 to 14 km), using high resolution turbulence measurements of temperature, and all 

three components of velocity, obtained with the EGRETT aircraft as part of a multi-year effort (1998-

2006) to study CAT and OpT.   The overall objective of the work was to probe the small scale structure of 

UTLS turbulence, in the hopes of furthering our understanding of atmospheric phenomenon in general 

and of providing data for building and testing more effective parameterized models for prediction and 

forecasting.   
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2.    Measurements 

Aircraft measurements were acquired with the Grob 520T EGRETT aircraft, the sole twin-seat 

version of the four GROB 520 aircraft produced, which is operated by Airborne Research of Australia 

and Flinders University.  This high altitude, turbo-prop research aircraft is capable of operation at 

altitudes up to 15 km at airspeeds of approximately 100 m/s with an endurance of 8 hours.  The aircraft 

can accommodate up to three NOAA/FRD built BAT probes (Crawford and Dobosy, 1992, 1997), one 

located under each wing, and one located at the top of the tail.  The BAT probes consists of a 13-cm 

diameter hemispherical with nine pressure ports for measurement of all three components of wind 

velocity and a micro-bead thermister located inside the central dynamic pressure port, for temperature 

measurement.  Beginning in 2002, the NOAA FUST (Fast Ultra-Sensitive Temperature) probe was also 

mounted externally on the top of the BAT probe body.    This bare wire, micro-thermocouple sensor 

generally featured lower signal-to-noise than the thermister, so when available, its output was used.  For 

three of the campaigns (described below), the right-wing BAT probe was replaced with a standard 

Rosemont 5-hole probe with a Rosemont PT50 probe for temperature.    

For nearly all flights prior to 2006, velocity and temperature data were sampled at 50, 55.6, or 

58.8 Hz, providing horizontal spatial resolution of approximately 1.4 to 2 m.  For 2006, the sampling rate 

was 10 Hz and for the November, 2002, it was 25 Hz, reducing spatial resolution to approximately 10 m 

and 4 m respectively.   Frequency response of the velocity measurements was generally near or above the 

sampling frequency.  On the other hand, the BAT thermister probe had an estimated time constant 

between 0.02 and 0.03 seconds, depending on the flight conditions, leading to thermal lag drop-off near 

20-30 meter scales.  Both the FUST and the Rosemont temperature sensors had slightly faster response, 

but still exhibited drop-off in the 10 to 30 meter scale range. 

A typical flight featured several level flight segments at altitudes from 7 km up to 14 km, 

covering wind-relative distances from 45 to 250 km. (Note that all flight distances specified will be in 

wind relative coordinates, based on the true air speed of the aircraft).   During these level segments, 

natural fluctuations in the aircraft altitude were less than approximately +/- 40 m.   As a general rule, the 
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segments were flown upwind or downwind, with over 75% of the distances flown associated with angles 

between wind and flight path of less than 30 degrees.   Approximately 5% of the flight distance involved 

significant crosswind component, with angles greater than 70 degrees.  Data was also available for climb 

and descent between level segments for some flights, and these were used to estimate vertical gradients.    

The 129 level flight segments selected for analysis are summarized in Table 1.  They represent 41 

hours of flight time and 12,600 km of wind relative flight distances.  Distributions of several flight 

parameters, weighted based on the length of each segment in wind relative distance, are shown in Figure 

1.  The mean altitude was 10.4 km and the mean wind speed was 44.5 m/s, both exhibiting Gaussian-like 

distributions.  The wind direction statistics reflect prevailing westerly jet-streams, with a mean direction 

of 254 and with 84% of the flight distances within +/- 30 degrees of due west.  The flight segment lengths 

exhibit a skewed distribution, with more than 75% of the flight distance flown in segments less than the 

mean of 123 km.   The tropopause was above 13 km for most of the flight days, not untypical for the mid 

winter in Southern Australia, so that 87% of the flight distances were below the tropopause.   The 

remaining 13% of the flight distances were flown within the tropopause layer.     

 

3.    Cliff-ramps and Kelvin Helmholtz  

Cliff-ramp patterns (CR) are a common feature of scalar turbulence, characterized by a sharp 

temperature increase (cliff) followed by a more gradual temperature decrease (ramp).  Cliff ramps were 

identified in temperature measurements of twenty-six of the 129 UTLS CAT layers and data for three of 

these were analyzed in detail, Wroblewski et. al, 2007.  The results supported the idea that the CR 

patterns were signatures of Kelvin Helmholtz (KH) billows, with the ramps associated with the well 

mixed billows and the cliffs marking the highly-stretched braids.    

Direct Numerical Simulations (DNS) of stratified turbulence by Joe Werne from CORA/NWRA, 

work that was also funded by AFRL, have revealed new insights into the Kelvin Helmholtz (KH) 

phenomenon and its role in the development of CAT layers in the atmosphere (Werne et al., 2005, 2008), 

including the presence of cliff ramps.    In addition, his work has shown that the nature of the KH 
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development is strongly affected by the initial Richardson number of the layer; Ri= N 2/S 2, where S is the 

shear rate, 
z
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potential temperature.     

Data for ten aircraft measurement CR cases were compared qualitatively and quantitatively to 

Werne’s DNS, in an effort to predict the initial Ri number of the layer, an idea that the authors attribute to 

Joe Werne.  This work is summarized in the following sections. 

3.1 Qualitative comparisons of Aircraft Data and DNS 

Transepts through the DNS revealed distinct patterns in the temperature signal—cliff-ramps, step-

cliffs and buttes, all characterized by steep cliffs.  Based on the strength and character of these patterns, 

qualitative comparisons of the ten aircraft flight with the DNS transepts were used to estimate the vertical 

location (Centerline or Off-centerline), initial Ri (Med—closer to 0.15, High—closer to 0.2, or 

Indeterminate) and cliff-ramp development stage (Early, Mid, or Late) .   The following criteria were used 

for making these estimates:   

 Cliff-ramps only with sharp edges:  Centerline, High Ri, Late 

 Cliff-ramps and Step-cliffs with velocity cliffs:  Centerline, High Ri, Mid 

 Cliff-ramps and Step-cliffs without velocity cliffs:  Centerline, Mid Ri, Mid 

 Any cliff in the process of breaking down:  Late 

 Buttes or rounded edges to Cliff-ramps:  Off-centerline, indeterminate Ri. 

As an example, Figures 2 and 3 shows comparisons for two flights with corresponding DNS 

transepts.  The 11.4 km level on 000606 (Fig. 2) features classic cliff-ramp patterns with sharp transitions, 

suggesting a near center-line location and the lack of any step-cliffs is indicative of a time towards the end 

of the CR phase of the billow development. Similarly, the 14.3 km level on 020830 (Fig. 3) exhibits a 

mixture of “buttes” with rounded edges and cliff-ramps suggesting an off centerline location.   Table 2 

shows a summary of the qualitative estimates.    
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3.2 Quantitative comparisons of Aircraft Data and DNS 

 More quantitative comparisons of aircraft data and DNS were accomplished with a method based 

on the variation of non-dimensional temperatures change across the cliff,  (where  is the mean 

potential temperature gradient and  is the wavelength of the cliff ramps) with the initial Ri of the layer.   

Figure 4 shows this variation for DNS transepts at  z/H=0 and z/H=0.125; DNS data in the plots are for 

Ri=0.15 and 0.2 for two different phases of the CR development:  (1) when cliff-ramps first appear and 

(2) when they are no longer seen.  The dashed lines are a quadratic curve fit to the points, assuming a zero 

value at Ri=0.25.  The vertical lines represent estimates for the various aircraft measurement case, with 

the range bounded by the two estimates based on the DNS curves for the initial and final phase of CR 

development-- Ri1 to Ri2.    The most striking result is that all but one of the flights features Ri values 

≥0.15, the range where CRs were most prominent in the DNS.  Even for the one exception, 031122, the 

upper end of the range of values is close to 0.15.  This result is significant, because this approach does not 

constrain the aircraft values of to values within those predicted by the DNS, providing a level of 

validation for this approach.  Also note that for five of the six centerline cases, the range of initial Ri is 

close to that estimated from the qualitative estimates.   

 Figures 5 shows the variation with Ri of the initial and maximum billow heights, normalized on 

billow wavelength, obtained from the DNS.  The corresponding curve fits to this data were used along 

with the calculated Ri values and the CR wavelengths identified in the temperature signal to determine the 

initial and final layer heights for the aircraft flights. (Note that the final layer height here refers to the 

height when the cliff-ramps are observed).  As seen in Table 3, two values of height are reported for each 

flight—e.g., H1 and H2 for the final layer height—corresponding to the values calculated with Ri1 and Ri2. 

The final layer heights ranged from 130 m for the 031122 flight up to 2.0 km for the 990806 case, the 

only case with a height over 1 km.  This is consistent with observations that turbulent layers in the upper 

troposphere and lower stratosphere occur in thin layers less than 1 km.   
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 The definition of the Ri used for the DNS provides a means for estimating a scaling velocity, U0, 

and the initial shear rate, S0, of the layer for the aircraft flights: 

Ri

hg
U

2

0




       
h

U
S 0

0        (1) 

As in the case of the layer heights, two values are shown in Table 3 for each of these quantities: U0, 1 and 

S0,1 calculated using Ri1 and h1, and U0, 2  and S0,2 calculated using Ri2 and h2.  The scaling velocities range 

from 1.4 m/s for the 031122 layer to 18.3 m/s for the 990806 layer, while the shear values span a much 

smaller range, from 0.024 s-1 for 990806 to 0.054 s-1 for the 990213 layer.   The calculated shear rates for 

six of the ten aircraft layers fall within ±10% of values measured from the velocity data during proximal 

climb and descent segments, and two others are within ±25%.    

 From the DNS, the temperature signal exhibited cliff ramps for 5.0 shear times (5U0/h) at Ri=0.15 

and 11.5 shear times for Ri=0.20.  These values were extrapolated using a linear trend to estimate the 

duration of cliff-ramps for each of the aircraft flights, with resulting values ranging from 1 to 8 minutes 

(Table 3).  If the observed turbulence layers and cliff-ramps are signatures of developing Kelvin-

Helmholtz billows, the time window over which the cliff-ramps can be observed is quite small.  This 

combined with the observation from DNS that the cliff-ramps are only seen within a narrow region near 

the center of the billow indicates that the observation of cliff-ramps in aircraft measurements is a 

fortuitous event, and may suggest why only 26 out of 129 CAT levels revealed such patterns.   

 

4.      Structure Function Analysis 

Structure functions and structure constants were calculated from the time series of velocity and 

temperature  

 2)]()/([)( tuVrturD LTASLLL
      (2) 

3/22 /)( rrDC LLL          (3) 
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where uL is the component of the wind along the direction of the separation distance vector, r


-- the 

direction of the flight path in this case.  VTAS is the true airspeed of the aircraft, and the bracket symbols, < 

>, denote ensemble averaging.    Similar equations were used for DNN  the structure function for the 

component of velocity normal to r


 uN ; DWW the structure function for the vertical velocity, w; and DTT 

the structure function for the temperature, T. Turbulent kinetic energy dissipation was estimated using an 

isotropic relation 

2/32 )2/( LC          (4) 

Average structure functions were found for each flight segment for 51 values of r, evenly spaced 

in logarithmic terms, from 2 m to 31 km, resulting in approximately 12 data points per decade.  The actual 

separation distances, rA, for each segment varied due to differences in true air speed and sampling rates, 

so values at the 51 specified distances were found by interpolation of the two surrounding values of rA 

using a power law fit, rn.     Values for n were also found for ranges of r that displayed linear behavior on 

log-log plots, by curve fitting a power law to the linear regions.  The average structure functions for the 

individual flight segment were combined to determine composite structure functions for all 129 levels, 

using averages weighted on the number of data points for each flight-segment-average.   

Short-time structure parameters were calculated by dividing each segment into lengths of 1, 5, 10 

and 45 km, the latter representing the minimum segment length.  For each segment, values of CL
2, CN

2and 

CW
2 were calculated using Eqn. 3 with a separation distance of 30 m and values of CT

2 were found at a 

distance of 90 m, and averaged over the 4 different lengths.    

Details of the analysis can be found in Wroblewski et al., 2009.  Only a summary of key results 

will be presented here. 

4.1 Structure functions for individual segments 

Figure 6 includes structure functions for selected individual levels, chosen to span the entire 

range of turbulence strength at smaller scales and to show the diversity of behavior.  The two distinct 

features of these curves are the plateau levels, most evident in the DWW curves, and the lack of correlation 
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between the small and large scales.  Note that structure functions are similar, though not identical, to 

cumulative spectra, and thus they can be interpreted in a similar manner, so a plateau region indicates a 

range of scales with little or no energy.  The intermediate plateau in curves 3 and 4 in the DLL plot and 

curve 4 in the DWW plot indicate a distinct separation of small and large scale.  The extended flat plateau 

for curves 1, 2 and 3 for DWW indicate some limiting scale for the vertical fluctuations that is not seen in 

the horizontal fluctuations, presumably the thickness of the CAT layer itself.   The extended plateau 

shapes seen in the DWW curves can be recreated by low pass filtering DLL curves that extend to large 

scales, further suggesting a limiting vertical scale.   

In Fig. 7 the solid lines show the distributions of the 3D scaling range structure function 

exponents (e.g., nL, where Ln
LL rD  ).  The nL distribution is fairly narrow with a peak essentially at 2/3 

with 93 % of the cases displaying an exponent between 0.3 and 0.78.   The distributions for nN  and nT  are 

similar to those of nL, with peaks between 0.6 and 0.7, but with shapes skewed towards higher values.  

For n,W the distribution is much broader with more values below 0.3 (15%).  The mean values of the 

exponents are close to the peak values: 0.61 for nL , 0.69 for nN and nT and 0.62 for nW. Although 79 of the 

129 cases (61%) indicate an inertial-range value of nL. close to 2/3 (0.55 to 0.8), only 21 of those have 

values of nN,, nW, and nT  in that range as well.  The dashed lines show distributions for scaling exponents 

at the 10 km scale.  These distributions for nL, nN, and nT are much broader than the corresponding ones in 

the 3D scaling sub-range, with higher average values—0.85 for nL and nN, and 0.79 for nT.   In contrast, 

the nW distribution has a sharp peak at 0, reflecting the plateau-like behaviors seen in Fig. 6. 

Fig. 8a shows the distributions of structure constants CL
2 and CT

2, obtained from the force fit of  

DLL and DTT to an r2/3 power law in the identified 3D scaling range.  These are well matched the 

lognormal distributions (lines in the figure) predicted by Kolmogorov (1959) for dissipation and as shown 

by FS05.  The upper scale in Fig.8a indicates the dissipation values corresponding to the CL
2 distribution 

based on Eqn. 4. The means and standard deviations of the log distributions are as follows: 

  sm 1051.5   ;719.0    ;87.2log 24/332

log

2
10 2

10

 LCL CC
L

    (5) 
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-32-4
log10 sm 103.57         ;08.1      ;77.4log

10
      (6) 

-2/3242

log

2
10 mK 1077.2  ;749.0    ;29.4log 2

10

 TCT CC
T

    (7) 

 The distributions of the structure parameters for the normal and vertical velocities are reported in 

Figure 8b in the form of ratios with CL
2; this ratio should be 4/3 for an isotropic, homogeneous inertial 

range.   The peak of the log distribution for CN
2/CL

2 corresponds to a value of 1.2, close to the isotropic 

value of 4/3.  However, only 44 of the 129 levels (about 1/3) display a value within ±20% of the isotropic 

value.  The log distribution for CW
2/CL

2 exhibits significantly different behavior, centered on a peak 

corresponding to 0.40, and with only 3 of the 129 levels showing a value within ±20% of the isotropic 

value.  This is consistent with the idea that the stratification is limiting both the scale as well as the 

intensity of the vertical fluctuations.  

4.2 Composite structure functions and parameters 

Composite structure functions for velocity and temperature as a function of separation distance 

are shown in Figure 9.  The solid curves represent values for the entire ensemble of 129 levels, while the 

other three curves are for sub-ensembles filtered based on the CL
2 or CT

2 values in the 3D scale range--  

strong turbulence ensemble, containing all levels with values of log10(CL
2) or log10(CT

2) greater than ½ 

standard deviation above the mean values (see Eqns. 6 and 7);  moderate turbulence ensemble, made up 

of  levels with values of log10(CL
2) or log10(CT

2) within -½ and ½ standard of the mean, and weak 

turbulence ensemble,  consisting of levels with values of log10(CL
2) or log10(CT

2) less than -½ standard 

deviation below the mean.  Scaling range exponents and structure parameters are shown for these 

ensembles in Table 4.    

The  3D scaling range for the velocity extends from 2 to about 100 meters, with exponents close 

to the theoretical value of 2/3 for DLL and DNN, but  larger for DWW.  The exponents are similar for the two 

stronger sub-ensembles, but are much smaller for the weak turbulence case.  The scaling range for 

temperature is between 100 and 1000 meters, with an exponent of 0.7 for all sub-ensembles.   Consistent 

with statistics of individual flight levels, the normal and vertical velocity structure parameters reflect non-
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isotropic behavior, with CN
2/ CL

2 between 0.8 and 1.0 for the various sub-ensembles and between 0.6 and 

0.64 for CW
2/CL

2.   For both DLL and DTT, the behavior at large scales is nearly the same for all ensembles, 

more so for DTT, consistent with the notion of decoupling of the 3-D and quasi 3-D sub-ranges.  This is 

also true to a lesser degree for DWW, with the weaker turbulence cases displaying curves without plateau 

levels  

Based on the behavior of the composite structure functions, as well as the individual level curves 

shown in Fig. 6, the range of scales from 2 to 30,000 m may be classified into 3 sub-ranges:   

 3D “inertial” sub-range, represented by scales less than approximately 100 meters, within which the 

horizontal velocity and temperature structure functions are close to r2/3 behavior and DWW values are 

on the same order as the horizontal values.   

 Quasi 2D sub-range from about 5 km to 30 km, where DWW values fall to less than 10% of the 

horizontal structure functions.  Note that in Lindborg (1999), this range is referred to as 3 

dimensional, but that designation is based on indirect evidence rather than actual velocity 

measurements.   The upper bound of this range is approximately the thickness of atmosphere, which 

should be the relevant lower bound for pure 2-dimensional turbulence. 

 Transition sub-range from 100 meter to 2 km, within which the horizontal velocity and temperature 

structure functions change slope to adjust to the difference in values in the adjacent r2/3 regions, and 

DWW  levels off to reflect the transition from 3-D to quasi 2-D behavior 

4.3 Vertical length scales from DWW  

The plateau levels seen in 69 of the 129 DWW curves may be indicative of a limiting vertical scale 

for vertical velocity, which can be interpreted as the vertical height of the turbulence layer.  In these 

cases, hereafter referred to as the layer-height cases, the DWW curves were used for estimating the layer 

height, Z.  The procedure involved low pass filtering the uL time series (with a 4th order Butterworth 

filter), resulting in a DLL plot that exhibited a plateau level preceded by a hump similar to those seen in 

DWW curve 3 of Fig 6.  The layer height was assumed to be equal to the filter cutoff wavelength that 

produced a hump in the filtered DLL curve that best matched the location of the hump in the unfiltered 
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DWW.  The resulting estimates of Z ranged from 80 meters to 2.7 km, as shown in Figure 10, with a 

distribution that features a peak near 300 m and a smaller peak near 1 km.    

Although it remains to be seen whether this method provides useful estimates for the layer height, 

the results seem reasonable in two respects.  First, the overall range of values is consistent with the notion 

that CAT layers vary in height from hundreds of meters up to a few km.  Second, for several of the 

flights, the climb segments near the level flight altitudes extended far enough above and below the 

turbulent layer to provide some indication of its thickness.   As seen in Fig. 10, the estimates from DWW 

agree well with those from the climb data.  

 The layer height cases generally feature stronger turbulence than those without a plateau or hump 

in DWW; they include the 20 levels with the strongest small scale turbulence, based on CL
2, as well as 31 of 

the top 33, and 57 of the top 80. The average CL
2 for these 59 cases is 9 times larger than the average of 

the 60 non-plateau cases and the average CT
2 is 16 times larger.  This is further illustrated in Figure 11, 

with composite structure functions for three sub-ensembles of levels: (1)  Layer height cases with  Z > 

700 m (20 levels); (2) layer height cases with Z<700 m (49 levels);  and all other levels (60 levels).  The 

DLL composite curves all display a sub-range with r2/3 scaling behavior, but the two layer-height 

ensembles also feature a region with slope (power law exponent) near 0.5 in a region corresponding to the 

location of the plateau in DWW.  At scales near 10 km, the DLL curves all converge, again illustrating the 

lack of correlation between small scale and large scale behavior.   

The results of the layer height analysis raise two questions: (1) why do only some levels display 

such a plateau? And (2) why do these cases feature the strongest small scale turbulence?  To answer 

question (2), consider how the stratified turbulence layer develops.   The roll up and overturning of the 

KH billows is controlled by stratification, a process that limits the largest vertical velocity scale.  During 

billow breakdown and transition, the turbulence and its length scales are largest, and even after the 

billows are no longer obvious and the flow is three-dimensional, their footprints are still seen in the large 

scale structures.  So, the presence of the plateau is a marker of this highly turbulent transition phase, when 

the vertical motions on the scale of the billow height are constrained.  In support of this idea, 26 of the 
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layer-height cases also feature cliff-ramps patterns in the temperature signal.  Wroblewski et al. (2007) 

and Whiteway et al (2003) showed that these are signatures of KH billows, with the rapid change in 

temperature of the cliff associated with the aircraft passing through the steep gradients of the braid 

separating adjacent billows.  There is also evidence that these cliff-ramps are seen primarily during the 

transition to turbulence phase (Wroblewski et al, 2007).    

4.4  Short time structure parameters 

Short time structure functions provide statistics on the horizontal homogeneity in and around CAT 

layers, and are useful for two important reasons.  First, electromagnetic waves that are pulsed for short 

durations (~ 10 seconds) only sample a small portion of a CAT layer, and experience optical turbulence 

that is substantially different than the overall mean values shown in Fig. 8a.  Second, decision aids and 

propagation models that utilize thermosonde measurements often adopt the “onion-skin” assumption of 

horizontal homogeneity.  But, radiosonde balloons move with the mean wind, so they sample the same air 

parcel as they ascend through the layer, and spend only a few minutes in many CAT layers; thus, they 

likely do not experience the full extent of the horizontal variations.   

Variations of short-time CT
2 and dissipation, ,  are shown in Fig. 12 for 1 km and 10 km 

averaging windows; CT
2 is shown for the case with the largest variation in CT

2 (3 orders of magnitude) 

and likewise for dissipation (6 orders of magnitude).   Although the 10 km averaging window filters out 

the smaller scale fluctuations seen with the 1 km window, the overall peak-to-peak variations are nearly 

the same.  This effect can be seen in Fig. 13, which shows that the log distributions of short-time  and 

CT
2 are nearly the same for all four of the averaging windows (1, 5, 10 and 45 km), and in Fig. 14, which 

shows the mean and standard deviation of the log normal distributions as a function of averaging window 

size.   

The mean and standard deviations for the smallest three separation distances were curve fit using 

the fitting equations from Freilich and Sharman, 2005 (FS05): 

64.5log151.0log  L   
026.0

log 606.1  L    (8) 
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90.4log128.0log 2  LCT   
027.0

log
032.12

 L
TC

    (9) 

The curves fits based on these equations are shown in Fig. 14 as dotted lines, and those from FS05 based 

on meso-scale model runs are shown as well.  The trends shown by these curve fits are qualitatively 

similar to those from FS05, but the slopes are significantly smaller, reflecting the insensitivity to 

averaging window.    The quantitative disagreement with FS05 results may be due to the difference in the 

averaging schemes--  the FS05 results are based on spatial averaging rather than time averaging.  

However, as mentioned above, the raw data seen in Fig. 12 indicate that the structures responsible for the 

horizontal variations may be larger than 45 km, so the large variations would not be expected at smaller 

averaging windows.  This change in behavior at larger scales is suggested in Fig. 14 by the results for the 

45 km lengths and for the average of the level averages (distinguished by the box around  the data points), 

which exhibit a trend that is deviating from the behavior at smaller averaging lengths towards the 

behavior seen in the FS05 results. 

Suppose that a thermosonde profile indicates an elevated CT
2 value at some altitude, suggestive of 

a CAT layer.    This represents a single realization of the turbulence in the layer; but, it would be useful 

for decision aids to know the probability of finding stronger turbulence in the same layer.  This can be 

accomplished using the short-time CT
2 data and conditional probabilities.  In particular,   P[(CT

2)1 | (CT
2)0-] 

represents the conditional probability of finding a value of (CT
2)1 in a layer given that the layer has a value 

identified by the thermosonde of (CT
2)0.   

Conditional PDFs were found from the 1 km window CT
2 data and are plotted in Fig. 15 for 6 

ranges of values of log (CT
2)0 :  -6.55±0.15,  -5.65±0.15, -4.75±0.15, -3.85±0.15,  -2.95±0.15, and  -

2.05±0.15.    The conditional PDFs are based on conditional ensembles of all layers with at least one 

realization of the corresponding value of (CT
2)0, and can be interpreted in the following manner: given at 

least one realization of (CT
2)0 in a layer, what’s the probability distribution of a randomly chosen 

realization.  As expected, the distributions shift to higher values for higher values of (CT
2)0.    
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The conditional PDFs were used to generate the conditional probability of finding a value of (CT
2) 

greater than some threshold given a single realization value of (CT
2)0.   Two different results are shown in 

Fig 16 for thresholds of 10-4, 10-3 and 10-2 for CT
2: the top plot shows the probability of a random 

realization exceeding the threshold; while the bottom plot shows the probability that the layer contains at 

least one realization greater than the threshold.  For example, if a thermosonde indicates a measured CT
2 

value of 10-4 (x axis on plots in Fig. 16), then there is a 0.6 % probability that a random realization will be 

greater than 10-2, but a 9% probability that at least one  realization will be greater than 10-2 (values circled 

in Fig. 16). 

 

5.   RiNLAW: Richardson Number Layer Analysis Worksheet 

RINLAW is an EXCEL-based tool for quickly analyzing and visualizing Richardson number profiles, 

using on-line Radisonde data as input.  Developed in August 2006, as a planning tool for aircraft 

measurement campaigns, it has been constantly modified and upgraded to address needs of the AFRL 

sponsor.  In addition to planning flights for the summer 2009 measurement campaign, this tool is being 

used by AFRL for analyzing unique and persistent Ri layer trends at various sites with the intent of 

identifying possible adverse impacts on space-to-ground propagation. 

The first implementation of RiNLAW was on August 9, 2006 (060809) as a flight planning tool.   As 

seen in Figure 17, the 00Z sounding in Adelaide indicated only a single shear layer (Ri less than the 

critical value of 0.25) at 8.26 km of approximately 25 m thickness,  despite a very strong jet (175 kt peak 

wind).   The EGRETT pilot was briefed on this result, and the flight plan adjusted accordingly.  The 

forecast proved to be accurate, with actual measurements showing turbulent activity between 8,260 km 

and 8,607 km, almost exactly the same location as the shear layers seen in the radiosonde.   It should be 

noted that analysis of radiosonde data did not always lead to such successful outcomes, due to several 

factors:  the jet may not have been directly over Adelaide or other nearby sounding sights; conditions may 

not have persisted long enough for the aircraft flight to capture what was seen in radisosondes that were 
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many hours old; and the Ri criteria by itself may not have been sufficient to identify possible layers.  Still, 

the success on 060809 demonstrated the utility of RiNLAW as a component of flight planning.  

For campaigns prior to 2006, RiNLAW was used for analyzing conditions for flights that exhibited 

significant turbulence activity.   Table 5 is a summary of the comparisons for 8 cliff-ramp cases.  Most of 

the cases represent mild turbulence, with Eddy Dissipation rates (EDR=3) in the 0.1 to 0.3 range, with 

one case of moderate turbulence (EDR in the 0.3 to 0.5 range) and one case of extreme turbulence (EDR 

greater than 0.5).  Given the spatial and temporal separations of the soundings and aircraft flights, the 

comparisons are quite favorable, with RiNLAW identifying shear layers with Ri less than or close to 0.25 

within several hundred meters of measured CAT layers.    

Figures 18 through 20 display results several sites that exhibit unique Ri profiles. For the Perth, 

Australia case (Fig. 18), the majority of the low Ri layers are in the 15 to 26 km range, well above the 

relatively strong jet.  These layers correspond to oscillations in the meridional velocity indicative of wave 

activity.  This effect is seen in its extreme in the Goose Bay profiles in Fig. 19.  The Goose Bay case in 

Fig. 20 reveals several narrow jets at different altitudes which correspond with very low Ri numbers; this 

behavior seems common at this location.    These profiles provide a glimpse of how RiNLAW, coupled 

with radiosondes available on-line, can provide a global but coarse view of turbulence potential anywhere 

in the world where a radiosonde station is located. 

 

6.  Length Scales for Structure Parameter Modeling 

 Forecasting of OpT relies on accurate models for CT
2in stably stratified conditions.  Such models 

are difficult to formulate due in part to the multitude of length scales that govern turbulence production 

and decay.  Models that are based on fundamental turbulent transport equations have revealed two critical 

length scale ratios: (Cote, Wroblewski and Hacker, 2009).-- LDW/LE and LE/LB , where LE is the Ellison 

scale, LDW is a dissipation length scale, and LB is a buoyancy length scale: 


EL                  


 3

W
DWL                         

N
L W

B


     (10) 
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In Eqn. 10, and Ware rms of the potential temperature and vertical velocity is the vertical gradient, 

of the mean potential temperature,
z


 . 

The ratio LDW/LE appears in a modified version of the Tatarskii model based on the budget 

equation for the temperature variance (Cote, Wroblewski and Hacker, 2009);  the ratio modifies the outer 

scale term, the critical parameter needed for model closure.   

The ratio LE/LB arises in the second order turbulent budget equation for the vertical heat flux, and 

is equivalent to the ratio of the buoyancy loss term to the dominant production.  Although this ratio 

should be less than 1, it was found to be greater than 1 for several of the strong cliff-ramp cases described 

in Section 3.   From Equation 10, it can be seen that LE/LB is proportional to /W .  These rms values are 

dominated by the large scale behavior. However, the structure function analysis in Section 4 indicated 

that DWW is limited at large scales while DTT was not.  This, coupled with the fact that large scale behavior 

is decoupled from the small scale behavior, suggests that calculated LE/LB  ratios are not reflective of the 

physics of the small scale behavior.  To address this, the ratio was recalculated using “filtered” 

temperature and velocity data, and example of which is shown in Fig. 21.  The filtering was accomplished 

using cumulative spectra, so a point on the plot represents the ratio found when all scales above the value 

r (x axis) are filtered out.   As seen in the figure, LE/LB  decreases as more of the large scales are removed, 

and approaches 1 near the inertial subrange.  A similar trend is seen for LDW/LE. 

  This analysis was applied to all 129 CAT layers. The distributions of the unfiltered values of 

LE/LB and the values at r=100 m are shown in Fig. 22, which clearly show how filtering reduces the 

values.  Note that at  r=100 m, almost a third of the levels have ratios that are lower than the unfiltered 

values, but are still greater than 1.   

 

7.  Concluding Remarks 

The analysis of high resolution turbulence measurements obtained over 8 years from a unique 

aircraft platform have shed light on the phenomena of clear air turbulence (CAT) and optical turbulence 
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(OpT) in the Upper Troposphere and Lower Stratosphere (UTLS) and how they may adversely impact 

systems of interest to the Air Force.    Some notable results include: 

 Characterization of cliff-ramp patterns and the use of DNS to provide insight into how cliff-ramps can 

be used to infer characteristics of CAT layers. 

 The first-of-its kind compilation of structure function behavior at sub km-scales from a large data set 

of UTLS measurements, and in particular the identification of the decoupling of small and large scale 

behavior. 

  The development of a simple EXCEL-based tool for quickly visualizing Richardson number profiles 

from radisosonde data, providing a global but coarse view of turbulence potential. 

 Identification of scale-dependent behavior of length scale ratios critical for structure parameter 

modeling. 

In spite of this progress, the full potential of this work will be achieved only with continued effort 

to address critical questions that inevitably arose as part of such an extensive multi-year effort.  These 

include the connection between Richardson number and CT
2, the effect of time dependency seen in DNS 

of stratified turbulence and its affect on the ability to predict both CAT and OpT, and the importance of 

scale-dependent behavior of the length scale ratios for model development.   The author hopes that the 

results of work reported here will provide motivation for further experimental campaigns and more 

detailed comparisons between field data and direct numerical simulations in an effort to further our 

understanding of stratified turbulence and its impact on Aerospace systems.    
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Table 1 Summary of flights 

 

SA- South Australia; JA- Japan; 

WA- Wales; DA- Darwin, 

Australia 

fs- sampling frequency 

 

 
 

 
 
 
Table 2: Results of quantitative comparisons of aircraft flights with DNS. 
 

 

Bu=Buttes 

CR=Cliff-ramps 

rCR=Cliff-ramps with rounded edges 

SC=Stair-cliffs 

VC= Velocity cliffs 

CB=Cliff Breakdown 

 

 

Dates Loc. # levels Alt, km fs, Hz D,km 

1998: 8/25-9/03 SA 25 6.8-14.2 55.6 1,900 

1999: 2/03-2/21 JA 19 5.8-12.4 58.8 2,026 

1999: 8/6 SA 7 9.0-12.2 58.8 710 

2000: 5/10-6/6 WA 20 8.1-13.8 55.6 2,112 

2001: 8/17-8/24 SA 15 8.5-10.8 55.6 1,335 

2002: 8/28-9/16 SA 37 7.1-14.0 50 4,101 

2002: 11/22 DA 5 9.6-14.4 25 442 

2006: 8/6 SA 1 8.5 10 50 

Date Vertical 
Location 

Time Ri Comments 

990213 Off-cen La Ind Bu, rCR, CB, VC 

990806 Center Mid Hi CR, SC, VC 

000606 Center La Hi CR 

020830A Off-cen La Ind Bu, CR, VC 

020830B Off-cen La Ind Bu, CR CB 

020831 Center La Hi CR 

020905 Center La Med CR, CB 

021122 Center Mid Med CR, SC 

060809 Center La Hi CR, CB 

060819 Off-cen La Ind Bu, rCR 
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Table 3: Results of quantitative comparisons of aircraft flights with DNS.  h=  initial layer height;  H= 
final layer height; U0=velocity scale; S0 = initial shear; t=cliff ramp duration 

 

Date 990213 990806 000606 020905 020830A 020830B 020831 021122 060809 060819 

 0.062 0.139 0.0871 0.0798 0.089 0.195 0.231 0.199 0.11 0.0383 

Ri1 0.227 0.183 0.216 0.220 0.204 0.141 0.128 0.138 0.205 0.231 

Ri2 0.229 0.198 0.220 0.223 0.214 0.161 0.150 0.159 0.210 0.235 

h1, m 86 750 141 132 165 237 56 132 79 220 

h2, m 86 768 142 132 168 246 59 137 79 222 

H1, m 135 2017 261 233 359 874 224 494 168 326 

H2, m 131 1783 250 224 323 790 204 448 160 304 

U01, ms-1 4.3 18.3 5.2 4.7 5.0 10.3 1.5 5.1 3.4 7.2 

U02, ms-1 4.2 17.6 5.2 4.7 4.9 9.6 1.3 4.8 3.4 7.2 

S01,  s
-1 0.055 0.025 0.040 0.039 0.032 0.042 0.024 0.037 0.046 0.036 

S02,  s
-1 0.054 0.024 0.040 0.038 0.031 0.039 0.022 0.034 0.046 0.036 

t1, s 301 380 367 392 397 89 84 92 279 470 

t2, s 309 488 383 407 454 164 218 177 299 493 

 

Table 4: Structure parameters and isotropy ratios for composite structure functions 

Log10CL
2

 range ALL >-2.52 -3.24 to -2.52 < -3.24 

nL 0.66 0.67 0.71 0.46 

nN 0.70 0.71 0.73 0.52 

nW 0.76 0.82 0.6 0.46 

CL
2

 (m
4/3 s-2) 6.22·10-3 1.85·10-2 1.44 ·10-3 3.31·10-4 

, (m2 s-3) 1.73·10-4 8.92·10-4 1.93·10-5 2.13·10-6 

CN
2/ CL

2 0.88 0.87 1.00 0.78 

CW
2/ CL

2 0.60 0.61 0.64 0.60 

     

Log10CT
2

 range ALL < -3.92 -4.67 to -3.92 >-4.67 

CT
2

  (K
2 m-2/3) 3.25·10-4 9.26·10-4 6.54·10-5 1.10·10-5 

nT 0.70 0.78 0.67 0.67 
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Table 5: Comparisons of aircraft data for five cliff-ramp cases with radiosonde data analyzed using 
RiNLAW.  EDR is Eddy Dissipation Rate, EDR=1/3.  

 
Aircraft Data  Radiosonde Date 

Layer Alt (km) EDR Layer Alt (km) Ri 

990213 9.1 0.10 10.3-10.7 0.22 

990806 9.7 0.57 9.6-10.0 0.25 

000606 11.4 0.23 12.0-12.1 0.17 

020830 14.1 0.17 15.8-16.3 0.38 

020831 6.1 0.10 5.1-5.6 0.27 

020905 8.3 0.31 7.2-7.4 0.08 

060809 8.5 0.12 8.3-8.6  0.20 

060819 9.7 0.13 9.8-10.1 0.36 
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Figure 1: Histograms showing distributions of flight parameters. Dashed lines mark mean values. 
 
 

 
Figure 2:   Potential temperature and velocity: (a) aircraft data for 000606, 11.4 km. (b) DNS for Ri=0.2, 
z/H=0, tU0/h=77 . 
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Figure 3:   Potential temperature and velocity: (a) aircraft data for 020830, 14.3 km. (b) DNS for Ri=0.15, 
z/H=0.125, tU0/h=76.1. 
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Figure 4:   Temperature change across cliff in cliff-ramps () normalized on vertical temperature 
gradient, , and cliff-ramp wavelength, , as a function of Richardson number for z/H=0 (left) and 
z/H=0.125 (right).  Closed symbols are values from DNS: circles are for the beginning of cliff-ramp 
phase of billow development and squares are for the end.  Dashed lines are curves fit to data.  Horizontal 
lines are values for the aircraft flights, indicated ranges of estimated Ri.   
 
 
 

 

 

 

 

 
 
 
 
 
 
 
Figure 5:   Final billow height (H), square symbols, and initial billow height (h), circle symbols, as a 
function of initial Ri, normalized on billow wavelength (). 
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Figure 6:  Structure functions as a function of separation distance for selected individual flight segments.  
Dashed line shows r2/3; dotted line shows r 2/5. 
 
DLL (left plot) 1--6 Aug, 1999, 9.7 km; 2--23 Aug, 2001, 9.3 km; 3--6 June., 2000, 11.4 km (Wales); 4—
17 Aug., 2001, 10.6 km; 5—10 May, 2000, 12.3 km (Wales); 6—6 June, 2000, 9.9  km  (Wales); 7--26 
Aug, 1998, 6.6 km; 8—20 Feb., 1999, 10.9 km (Japan).  
 
DTT (middle plot): 1--6 Aug, 1999, 9.7 km; 2—6 June, 2000, 11.4 km (Wales);  3—23 Aug, 2001, 9.3 
km; 4—26 Aug., 1999, 12.5 km;  5—11 May, 2000, 12.3 km (Wales); 6—18 May, 2000, 13.8 km 
(Wales);  7—24 Aug., 2001, 8.7 km; 8--6 Aug, 1999, 12.2 km. 
 
DWW (right plot): 1--6 Aug, 1999, 9.7 km; 2—23 Aug, 2001, 9.3 km; 3—6 June, 2000, 11.4 km (Wales);  
4—17 Aug., 2001, 10.6 km;  5—3 Sept, 1998, 6.8 km; 6—21 Feb., 1999 6.8 km (Japan); 7--20 Feb, 1999, 
9.3 km (Japan); 8--6 Aug, 1999, 12.2 km.   
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Figure 7: Distributions of exponents, nX, 
for velocity and temperature structure 

function; Xn
XX rD  , where X =L,T,W, 

or N.  Vertical dashed line is 2/3. 
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Figure 8: (a) Distributions of longitudinal 
velocity and temperature structure 

parameters in 3D  scale range; Asterisks, 
CL

2; crosses, CT
2; dashed line, lognormal fit 

for CL
2; dotted line, lognormal fit for CT

2.  
(b) Distributions of ratios of structure 

parameters for normal and vertical velocity 
to structure parameters for longitudinal 
velocity in 3D scale range; Asterisks, 

CN
2/CL

2; crosses, CW
2/CL

2; vertical line, 
isotropic value of 4/3. 
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Figure 9:  Composite structure functions as a 
function of separation distance for sub-ensembles 
of levels. Solid line, all levels; dashed line, weak 

turbulence- all levels with log(CL
2) or log(CT

2) less 
than ½ below mean;  dotted line, moderate 

turbulence-- all levels with log(CL
2) or log(CT

2) 
within ½ of mean; dot-dash line, strong 

turbulence- - all levels with log(CL
2) or log(CT

2) 
greater than ½ above mean. Thin dashed lines 

show r2/3. Thin dotted line shows r2/5. 
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Figure 10:  (a) Log distribution of layer height for 69 
layer-height cases. (b) Layer heights as a function of 
layer heights estimated from climb data for selected 
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Figure 11:  Composite structure functions as 
a function of separation distance for sub-

ensembles of levels. Solid line, layer-height 
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height cases with Z<700 m; dotted line, all 
levels excluding layer-height cases. Thin 
dashed lines show r2/3 . Thin dotted lines 
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Figure 13:  Distributions of short time 
dissipation (top) and CT

2 (bottom) for all 129 
CAT layers for different averaging window 

sizes:  1 km window * symbols; 5 km 
window + symbols; 10 km window □ 
symbol; 45 km window ◊ symbols.  

Figure 14:  Mean and standard deviation for 
lognormal fits to  and CT

2 distributions as a 
function of averaging length-- 30 m separation 

length for  and 90 m separation distance for CT
2. x 

symbols CT
2; + symbols  ; dotted lines, curve fit 

using smallest three averaging lengths (1 km, 5 
km, 10 km); dashed lines and solid lines, curve fits 

from FS05 for  and CT
2.   
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Figure 15: Conditional probability density 
functions for short time CT

2 : P[(CT
2)1 | 

(CT
2)0].  Top plot: (CT

2)0 =  -6.55±0.15, (* 
symbol), (CT

2)0 =   -5.65±0.15 (+ symbol), 
(CT

2)0 =  -4.75±0.15 (x symbol). Bottom Plot: 
(CT

2)0 =  -3.85±0.15 (* symbol), (CT
2)0 =   -

2.95±0.15 (+ symbol), and  (CT
2)0 =  -

2.05±0.15 (x symbol).  

Figure 16:  Conditional probability density 
functions for short time CT

2 : P[(CT
2)>10n | (CT

2)0]. 
With thresholds of  n= -4 (squares), -3  (circles), 

and -2 (triangles).  Top: probability that a random 
realization will exceed the threshold. Bottom: 

probability that at least one realization will exceed 
threshold. 
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Figure 17:  Layer Richardson number and wind and temperature profiles for Adelaide, Australia 9 Aug., 
2006.  Note single layer with Ri below 0.25 near 8.3 km (arrow).  
 

 

Figure 18:  Layer Richardson number and wind and temperature profiles; Perth, Australia 15 July, 2008.  
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Figure 19:  Layer Richardson number and wind and temperature profiles; Goose bay, Canada 24 Nov., 
2008.  

 

 

Figure 20:  Layer Richardson number and wind and temperature profiles; Goose bay, Canada 27 Nov., 
2008.  
.  

 

 

 

-40 -20 0 20 40 60 80 100 120

0

5000

10000

15000

20000

25000

30000

250 300 350 400 450 500 550 600 650

Velocity (m/s) or RH %

al
t,

 m

, K

Theta
U_Z
U_M
RH

-60 -40 -20 0 20 40 60 80 100

0

5000

10000

15000

20000

25000

30000

250 300 350 400 450 500 550 600 650

Velocity (m/s) or RH %

al
t,

 m

, K

Theta
U_Z
U_M
RH

0

5000

10000

15000

20000

25000

30000

0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80

A
lt

.,
 m

Ri



39 
 

 

 

 

 

 

 

 

Figure 21:   Length scale ratios as a function of filtering length scale.  Solid line,  LE/LB; dashed line, 
LDW/LE. 
 

 

 

 

 

 

 

 

 

 

 

 
 
Figure 22:   Distribution of the LE/LB for all 129 CAT levels.  Squares/dashed line, unfiltered; 
triangles/dotted line, filtered at inertial sub-range scale. 
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